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NeuronIn cells latently infected with a herpesvirus, the viral DNA is present in the cell nucleus, but it is not extensively
replicated or transcribed. In this suppressed state the virus DNA is vulnerable to mutagenic events that affect the
host cell and have the potential to destroy the virus' genetic integrity. Despite the potential for genetic damage,
however, herpesvirus sequences are well conserved after reactivation from latency. To account for this apparent
paradox, I have tested the idea that host cell-encodedmechanisms of DNA repair are able to control genetic dam-
age to latent herpesviruses. Studies were focused on homologous recombination-dependent DNA repair (HR).
Methods of DNA sequence analysiswere employed to scan herpesvirus genomes for DNA features able to activate
HR. Analyses were carried out with a total of 39 herpesvirus DNA sequences, a group that included viruses from
the alpha-, beta- and gamma-subfamilies. The results showed that all 39 genome sequenceswere enriched in two
ormore of the eight recombination-initiating features examined. The results were interpreted to indicate that HR
can stabilize latent herpesvirus genomes. The results also showed, unexpectedly, that repair-initiating DNA
features differed in alpha- compared to gamma-herpesviruses. Whereas inverted and tandem repeats predomi-
nated in alpha-herpesviruses, gamma-herpesviruseswere enriched in short, GC-rich initiation sequences such as
CCCAG and depleted in repeats. In alpha-herpesviruses, repair-initiating repeat sequences were found to be
concentrated in a speciﬁc region (the S segment) of the genome while repair-initiating short sequences were
distributed more uniformly in gamma-herpesviruses. The results suggest that repair pathways are activated
differently in alpha- compared to gamma-herpesviruses.
© 2014 The Author. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Cells are continuously exposed to mutagenic agents that cause
damage to DNA and ultimately threaten the genetic integrity of the
organism. Oxidizing agents, ultraviolet light and ionizing radiation are
examples of external agents able to produce genetic damage. Heritable
damage can also be produced by errors in normal cellular processes
such as DNA replication and recombination. To thrive in such a muta-
genic environment, cells have evolved a comprehensive panel of highly
effective pathways to repair damaged DNA [1,2]. Repair pathways in-
clude those responsible for base excision repair, nucleotide excision re-
pair, non-homologous end joining, repair dependent on homologous
recombination and others. These act promptly at sites of DNA damage
to prevent mutations from becoming incorporated into the germ line
or affecting the function of somatic cells.
DNA repair pathways are not usually central to the survival of virus-
es. Lytic replication is complete within hours or days, a period shortThis is an open access article under tenough that DNA damage due to external mutagens is not sufﬁcient to
threaten the virus population. The situation is different, however,
in latent herpesvirus infections. A part of the pathogenesis of all her-
pes family viruses is the ability to suppress lytic growth, enter into a
metabolically restricted, latent state and later be reactivated from
latency. During periods of latency the virus DNA is present in the
host cell nucleus, but its replication is restricted, and virus gene ex-
pression is minimal [3–5]. Periods of latency can be quite prolonged
with durations of months to years or decades. In such extended
periods of latency, virus genomes are expected to be vulnerable to
the same mutagenic events that affect the cell genome, and it is
easy to imagine that they might likewise beneﬁt from DNA repair
pathways. In cases where information is available, the sequences of
herpesviruses reactivated from latency are found to be nearly the
same as those of the infecting strain suggesting the involvement of
mechanisms to control genetic damage [6].
Here I describe the results of DNA sequence analyses carried out to
test the idea that DNA repair events act to suppress genetic instability
in latent herpesviruses. Studies were focused on DNA repair by the ho-
mologous recombination-dependent (HR) pathway, a pathway present
in the host cells of all herpesviruses. Herpesvirus DNA sequences werehe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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known to activate recombination-dependent events. A role for HR in
virus latency was considered possible if the abundance of one or more
of the test features was greater in the virus sequence than in a control
randomized sequence.
2. Results
2.1. Abundance of recombination sequences in the genome
Experimentswere carried outwith the sequences of 39herpesviruses.
These included members of the alpha-, beta- and gamma-herpesvirus
subfamilies as well as with one allo- and one malaco-herpesvirus as
shown in Table 1. Like all herpesviruses, the test viruses are able to
cause latent infections in an appropriate cell type and to be reactivated
from latency. A total of eight recombination-inducing DNA features
were examined. These were: (1) inverted repeats;(2) tandem repeats
[7,8]; (3) TGGTGG, a core chi-like recombination sequence [8–10];
(4) CCTCCCCT, a classical meiotic recombination motif [11]; (5–6)
TGGAG and CCCAG, two sequences found to initiate recombination
events [12–15]; (7) GGGCT, a human Ig class switch sequence [8,16],
and (8) AGGAG, a sequence found to arrest DNA synthesis by DNA poly-
merase α [17,18].Table 1
Herpesvirus genomes examined.
Virus name Abbreviation A
Alpha-herpesviruses
Papiine herpesvirus 2 PapHV2 N
Cercopithecine herpesvirus 2 CercoHV2 N
Bovine herpesvirus 5 BHV5 N
Macacine herpesvirus 1 MacHV1 N
Suid herpesvirus 1 SHV1 N
Bovine herpesvirus 1 BHV1 N
Human herpesvirus 2 HHV2 N
Human herpesvirus 1 HHV1 N
Psittacid herpesvirus 1 PsitHV1 N
Equine herpesvirus 1 EHV1 N
Gallid herpesvirus 3 MDV2 A
Equine herpesvirus 4 EHV4 N
Meleagrid herpesvirus 1 MelHV1 N
Human herpesvirus 3 HHV3 N
Gallid herpesvirus 2 MDV1 A
Cercopithecine herpesvirus 9 CercoHV9 N
Beta-herpesviruses
Tupaiid herpesvirus 1 TupHV1 N
Murid herpesvirus 2 MHV2 N
Panine herpesvirus 2 PanHV2 N
Murid herpesvirus 1 MHV1 N
Human herpesvirus 5 HHV5 N
Macacine herpesvirus 3 MacHV3 N
Human herpesvirus 6A HHV6A N
Human herpesvirus 6B HHV6B N
Human herpesvirus 7 HHV7 N
Gamma-herpesviruses
Macacine herpesvirus 4 MacHV4 N
Human herpesvirus 4 HHV4 N
Equine herpesvirus 2 EHV2 N
Human herpesvirus 8 HHV8 N
Ovine herpesvirus 2 OHV2 N
Macacine herpesvirus 5 MacHV5 N
Callitrichine herpesvirus 3 CallHV3 N
Murid herpesvirus 4 MHV4 N
Alcelaphine herpesvirus 1 AlcHV1 N
Bovine herpesvirus 4 BHV4 N
Ateline herpesvirus 3 AtelHV3 N
Saimiriine herpesvirus 2 SamHV2 N
Alloherpesvirus; Malacoherpesvirus
Ictalurid herpesvirus 1 ItalHV1 N
Ostreid herpesvirus 1 OstHV1 NTable 2 shows counts of the eight features in 39 herpesviruses con-
sidered. In each case the count is compared to a control sequence in
which the virus genome sequence was randomized. Counts of speciﬁc
sequences are the sumof the same sequence in both DNA strands. Bold-
face values are shown for the ﬁve viruses with the highest ratio of wt
count/control count. Light shading is used to indicate instances where
the feature countwas lower in thewt sequence than that in the control.
The results showed above background counts in two or more features
for all 39 viruses tested. In nine viruses the countwas above background
for all eight features.
2.2. Inverted and tandem repeats
The results for inverted and tandem repeats stand out because the
highest counts in both cases were observed in neurotropic alpha-
herpesviruses with high GC contents (see Table 2, columns 2 and 3).
The results demonstrated further that repeats can constitute a substan-
tial proportion of the overall virus genome. This can be appreciated by
examining the results shown in Supplementary Table 1. It shows the ge-
nome location and length of all 63 inverted repeat sequences identiﬁed
in the BHV1 genome. For each inverted repeat, the total length is the
loop length plus twice the stem length. Together the lengths of the 63
repeats account for 45,069 bp or 33% of the 135,301 bp BHV1 genome.ccession no. Genome length (bp) % GC
C_007653.1 156,487 76%
C_006560.1 150,715 75%
C_005261.2 137,821 74%
C_004812.1 156,789 74%
C_006151.1 143,461 73%
C_001847.1 135,301 72%
C_001798.1 154,746 70%
C_001806.1 152,261 68%
C_005264.1 163,025 60%
C_001491.2 150,224 56%
B049735 164,270 53%
C_001844.1 145,597 50%
C_002641.1 159,160 47%
C_001348.1 124,884 46%
F147806 174,077 43%
C_002686.2 124,784 40%
C_002794.1 195,859 66%
C_002512.2 230,138 61%
C_003521.1 241,087 61%
C_004065.1 230,278 58%
C_006273.2 235,646 57%
C_006150.1 221,454 49%
C_001664.2 159,322 42%
C_000898.1 162,114 42%
C_001716.2 153,080 36%
C_006146.1 171,096 61%
C_007605.1 171,823 59%
C_001650.1 184,427 57%
C_009333.1 137,969 53%
C_007646.1 135,135 52%
C_003401.1 133,719 52%
C_004367.1 149,696 49%
C_001826.2 119,451 47%
C_002531.1 130,608 46%
C_002665.1 108,873 41%
C_001987.1 108,409 36%
C_001350.1 112,930 34%
C_001493.2 134,226 56%
C_005881.1 207,439 38%
Table 2
Counts of selected gene conversion initiation features.
Total count: wt virus (shuffled sequence)
Inverted repeat* Tandem repeat TGGTGG CCTCCCCT TGGAG AGGAG CCCAG GGGCT
Alpha–herpesviruses
PapHV2 107 (15) 71 (1) 130 (83) 17 (21) 336 (247) 502 (263) 556 (776) 550 (804)
CercoHV2 72 (19) 56 (0) 131 (84) 22 (15) 337 (267) 446 (220) 597 (786) 601 (828)
BHV5 84 (11) 71 (0) 91 (95) 17 (12) 350 (247) 363 (231) 523 (671) 580 (697)
MacHV1 74 (9) 55 (0) 152 (104) 65 (9) 348 (265) 418 (233) 602 (779) 539 (770)
SHV1 62 (6) 86 (0) 214 (96) 25 (12) 409 (255) 542 (233) 391 (728) 466 (721)
BHV1 63 (0) 43 (0) 104 (94) 36 (13) 291 (245) 293 (216) 513 (625) 604 (599)
HHV2 42 (0) 37 (0) 193 (94) 18 (15) 368 (280) 372 (294) 612 (683) 469 (727)
HHV1 30 (3) 30 (0) 186 (117) 10 (15) 367 (310) 395 (281) 715 (676) 469 (686)
PsitHV1 10 (1) 5 (0) 97 (124) 9 (11) 300 (354) 315 (359) 394 (582) 378 (574)
EHV1 5 (0) 20 (0) 187 (98) 65 (6) 452 (313) 322 (309) 547 (417) 392 (409)
MDV2 16 (1) 21 (0) 59 (104) 19 (9) 285 (328) 309 (355) 225 (378) 294 (418)
EHV4 2 (0) 13 (0) 149 (61) 11 (2) 416 (295) 217 (295) 377 (302) 306 (285)
MelHV1 5 (1) 5 (0) 93 (63) 2 (3) 336 (301) 190 (316) 238 (256) 212 (271)
HHV3 3 (0) 5 (0) 60 (47) 2 (6) 268 (225) 146 (206) 199 (195) 174 (173)
MDV1 2 (0) 21 (0) 91 (46) 9 (8) 388 (274) 306 (278) 250 (245) 201 (209)
CercoHV9 3 (0) 4 (0) 40 (35) 2 (1) 248 (178) 126 (191) 138 (131) 119 (120)
Beta–herpesviruses
TupHV1 49 (1) 39 (0) 160 (135) 9 (14) 443 (408) 506 (403) 404 (690) 487 (831)
MHV2 27 (2) 34 (0) 171 (142) 14 (10) 490 (531) 760 (491) 431 (753) 394 (773)
PanHV2 14 (1) 11 (0) 408 (158) 16 (24) 724 (538) 816 (481) 733 (863) 536 (842)
MHV1 15 (0) 14 (0) 232 (156) 9 (15) 519 (529) 660 (498) 452 (645) 362 (636)
HHV5 11 (0) 14 (0) 333 (142) 9 (15) 518 (503) 505 (483) 505 (724) 415 (660)
MacHV3 8 (0) 11 (0) 227 (110) 8 (8) 516 (440) 417 (400) 434 (424) 296 (401)
HHV6A 5 (1) 10 (0) 71 (53) 4 (2) 286 (261) 229 (244) 171 (206) 113 (157)
HHV6B 6 (0) 11 (0) 60 (53) 2 (4) 314 (257) 281 (272) 179 (184) 117 (169)
HHV7 7 (0) 13 (0) 27 (26) 0 (1) 219 (181) 128 (184) 112 (99) 150 (106)
Gamma–herpesviruses
MacHV4 23 (0) 32 (0) 261 (108) 25 (10) 791 (365) 746 (395) 1067 (621) 822 (588)
HHV4 12 (1) 19 (0) 252 (112) 28 (12) 697 (385) 745 (390) 1032 (542) 713 (569)
EHV2 24 (1) 43 (0) 295 (119) 25 (15) 741 (384) 673 (382) 768 (537) 701 (512)
HHV8 8 (0) 10 (0) 150 (89) 13 (5) 390 (289) 458 (263) 508 (320) 298 (324)
OHV2 7 (1) 11 (0) 145 (80) 7 (6) 531 (294) 515 (294) 581 (291) 452 (310)
MacHV5 4 (1) 9 (0) 112 (53) 6 (5) 289 (257) 181 (281) 306 (302) 285 (307)
CallHV3 9 (0) 11 (0) 113 (64) 2 (6) 452 (276) 269 (269) 437 (281) 339 (265)
MHV4 15 (0) 7 (0) 152 (46) 6 (0) 384 (230) 266 (232) 459 (201) 219 (184)
AlcHV1 0 (2) 5 (0) 120 (47) 2 (2) 366 (229) 382 (233) 455 (176) 369 (203)
BHV4 1 (0) 6 (0) 119 (33) 3 (0) 337 (153) 212 (161) 366 (121) 140 (113)
AtelHV3 2 (1) 6 (0) 37 (25) 1 (0) 239 (138) 200 (140) 141 (74) 89 (85)
SamHV2 6 (0) 3 (0) 15 (20) 2 (1) 235 (146) 180 (111) 100 (69) 95 (53)
Alloherpesvirus; Malacoherpesvirus
ItalHV1 3 (0) 17 (0) 126 (93) 4 (5) 390 (300) 321 (259) 277 (315) 281 (364)
OstHV1 15 (0) 3 (0) 205 (49) 7 (1) 405 (277) 359 (281) 233 (177) 100 (200)
a Wt virus sequence count (randomized control sequence count).
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47%, 30% and 41% for BHV5, PapHV2, MacHV1 and SuHV1, respectively.
Supplementary Table 1 also shows thatmost inverted repeat sequences
are found within a gene coding sequence. Of the 63 inverted repeats
identiﬁed, all but 9 were found in a gene.
In all three herpes subfamilies there were viruses with very low
counts of inverted repeats. Among the alpha-herpesviruses, for instance,
there are three inverted repeats in the varicella-zoster virus (HHV3) ge-
nome and two in Marek's disease virus 1 (MDV1; see Table 2). Thiscompared to values of 107 and 84 in the high abundance alpha-
herpesviruses PapHV2 and BHV5, respectively. Beta-herpesviruses with
low counts include HHV7 and HHV5 (human cytomegalovirus); AlcHV1
and BHV1 are gamma viruses with low inverted repeat counts. Such
low counts support the view that a high number of inverted repeat se-
quences are not required for herpesvirus replication or evolutionary
survival.
As in the case of inverted repeats, the content of tandem repeatswas
also found to constitute a surprisingly large fraction of the high
Fig. 1. Plot showing the correlation of inverted (a) and tandem (b) repeat counts with
virus GC content in the 39 herpesviruses studied. Open and ﬁlled symbols indicate counts
from virus and control sequences, respectively. Counts are expressed per 100 kbp of se-
quence. Exact repeat counts can be found in Table 2. Note that most high repeat counts
were observed in neurotropic alpha-herpesviruses with high GC genomes.
Fig. 2. Plot showing the repeat length and genome position of inverted repeats in the
MacHV1 genome (a), and the length and genome position of long inverted repeats in
seven high abundance alpha-herpesviruses (b). Note that in all viruses the inverted re-
peats are concentrated in the rightmost ~40 kb of the genome corresponding to the S
segment.
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shown in Supplementary Table 2. Here are listed the genome position
and length of all 43 tandem repeats identiﬁed in the BHV1 genome.
Summing their lengths and dividing by the BHV1 genome length
(135,301 bp) shows that tandem repeats constitute 9% of the BHV1 ge-
nome. Similar values are in the range of 14%–18% for the ﬁve highest
abundance alpha-herpesviruses (PapHV2, CercoHV2, BHV5, MacHV1
and SHV1).
As in the case of inverted repeats, all three herpesvirus subfamilies
were found to include viruses with a low number of tandem repeat se-
quences (Table 2). Examples are four in the case of CercoHV9 (alpha-
subfamily virus), eleven in MacHV3 (beta) and 3 in SamHV2 (gamma).
The interpretation of this result is the same as that in the case of inverted
repeats, namely that herpesviruses can survive and replicate without a
high number of tandem repeat sequences in the genome.
Counts of inverted and tandem repeat sequenceswere both found to
correlate with the GC content of the overall virus as shown in Fig. 1. This
correlationwas evident if the total number of repeats was considered or
if the count was expressed as a function of a common DNA length
(Fig. 1). No similar correlation was observed with control, randomized
sequences of the same viruses. The dependence of repeat sequence
count on GC content was particularly pronounced in viruses with a GC
content above approximately 60%, a group that consists almost entirely
of neurotropic alpha-herpesviruses [19,20].
2.3. Speciﬁc sequences
In contrast to the results with inverted and tandem repeats, speciﬁc
recombination-inducing sequence motifs were found to be highest inthe gamma-herpesviruses. For example, for three speciﬁc sequences
(TGGAG, CCCAG and GGGCT) the ﬁve viruses with the highest abun-
dances were all gamma-herpesviruses (see Table 2, columns 6, 8 and
9). Counts were high in each case with control and virus genomes sep-
arated by hundreds of sequence instances. The abundances were much
lower in the alpha- and beta-herpesviruses. In fact, for CCCAG and
GGGCT, abundances in alpha- and beta-viruses were below the values
observed in randomized virus sequences (Table 2, columns 8 and 9).
TGGTGG, CCTCCCCT and AGGAG constitute instances in which the
top ﬁve abundances were observed in more than one virus subfami-
ly. In particular: (1) high TGGTGG abundances were observed in
beta- and gamma-herpesviruses plus OstHV1; (2) high CCTCCCCT
abundances were found in alpha- and gamma-herpesviruses, and
(3) AGGAG high abundances were observed in alpha- and gamma-
herpesviruses (Table 2, columns 4, 5 and 7). In the latter group the
AGGAG sequences are unusual since three of the top ﬁve abundances
were found in alpha-herpesviruses (PapHV2, CercoHV2 and SHV1)
Fig. 3. Plot showing repeat length and genome position of tandem repeats in the PapHV2
genome (a) and long tandem repeats in a sample of high abundance alpha-herpesviruses
(b). Note that like all repeats, the tandem repeats are concentrated in the right
(S segment) end of the genome.
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quences (compare column 7 in Table 2 with columns 2 and 3).
Beta-herpesviruses standout because their content of recombina-
tion sequences is lower overall than that of the alpha- or gamma-
herpesviruses (see Table 2). An exception occurs with TGGTGG se-
quences. Two beta-herpesviruses (PanHV2 and HHV5) are among
the top ﬁve in TGGTGG sequence abundance. While most other re-
combination sequence contents are above the background level,
they are not among the top ﬁve in abundance.
2.4. Genome location—inverted repeats
The genome location of DNA recombination features was deter-
mined with the hope that it would provide further clues about their
function. Locations were determined selectively with the highest abun-
dance viruses for each of the eight DNA features examined. The sites of
inverted and tandem repeats were determined with the EMBOSS pro-
grams einverted and etandem, respectively. A Python script was used
for speciﬁc sequences.
Fig. 2(a) shows the results obtained for the inverted repeats of
MacHV1, a representative virus in the high abundance group. Here the
stem length is plotted against genome position for each of the 74
inverted repeat sequences identiﬁed by einverted. The results showed
that inverted repeats were concentrated in and near the genome S seg-
ment [21]. For instance, of 54 non-overlapping inverted repeats identi-
ﬁed by einverted, 24 were located in ~40 kb of DNA in and near S while
30 were found in the remaining ~115 kb. The average spacing between
adjacent inverted repeats in the L and S segments was 3885.4 bp and
1647.6 bp, respectively (p = 0.01).
Inverted repeats were found to be of two types, those with a short
stem and a long loop, and the opposite, a long stem and a short loop.
In the descriptions below these are identiﬁed as SSIR and LSIR, respec-
tively. The SSIR at position 73,506 is representative of the short stem
group. Here the stem is 33 bp in lengthwith a loop of 663 nt. The repeat
at 61,799 (between the UL29 and UL30 genes) is representative of the
LSIR class. Here the stem and loop are 407 bp and 2 nt, respectively.
Many more of the SSIR compared to the LSIR were observed in the
MacHV1 genome as shown in Fig. 2(a). For example, among the 61
non-overlapping inverted repeats, 57 were SSIR and 4 were LSIR. In
the short stem group, the average stem and loop lengths were 58.2 bp
and 686 bp, respectively. Similar average values for the long stem
group were 312 bp and 28.0 bp. A preponderance of SSIR compared to
LSIR was observed in the other high abundance alpha-herpesviruses
(data not shown).
Special importance is suggested for LSIR compared to SSIR repeats. It
is expected that in the cell, stems hundreds of base pairs in length with
short loops might be as stable or nearly as stable as the corresponding
all-B-form DNA [22]. In contrast, while stems of 50–60 bp in length as
observed in SSIR are expected to be stable in isolation, they might not
form at all if stem bases are separated by a long loop.
To further characterize the content and location of LSIRs, their length
and position were plotted for seven high GC alpha-herpesviruses. All
seven plots employed the standard HHV1 gene order (i.e. UL1 and
US1 to the left; Fig. 2(b)). The results showed that the number of
LSIRs varied from four in MacHV1 and BHV1 to one in HHV1 and
SHV1. Of a total of 21 LSIRs examined in the seven viruses, 14 were ob-
served in or very near the S segment with the remaining 7 located else-
where in the genome (Fig. 2(b)). Eleven and ten were found in gene
coding and intergenic regions, respectively.
2.5. Genome location—tandem repeats
The locations of tandem repeats for a high abundance virus, PapHV2,
are shown in Fig. 3(a). Also shown is the length of the total repeat
region, i.e. the number of repeatsmultiplied by the repeat length. For in-
stance, the repeat indicated within the UL36 gene of PapHV2 iscomposed of a 48 bp sequence repeated 22 times for a total length of
1056 bp, the value given in Fig. 3(a). As in the case of the inverted re-
peats, tandem repeats were found to be concentrated in and near the
S segment. For example, of 71 tandem repeats observed in PapHV2, 35
were found in ~39 kb of genomic DNA in S while 36 were found in
~100 kb of L. The average spacing between adjacent tandem repeats
in the L and S segments was 3236.9 bp and 1114.9 bp, respectively
(p = 0.001).
The length of tandem repeats was found to be quite variable; the
shortest was 49 bp and the longest was 3191 bp. Short sequences
predominated in abundance over long ones. For instance, among the
71 tandem repeats in the PapHV2 genome, all but 7 were less than
1000 bp in length (Fig. 3(a)).
Further analysis was focused on the long tandem repeats as it was
reasoned that these might have more options for formation of slipped
structures that could lead to double strand breaks involved in initiation
of DNA repair. The position and length of long tandem repeats were
Fig. 4. Histogram showing the location of recombination/repair initiation sequences in
selected, high abundance viruses. Locations are shown for TGGAG sequences in a high
abundance gamma-herpesvirus, HHV4 (a), AGGAG sequences in a high abundance
alpha-herpesvirus, CercoHV2 (b), and CCTCCCCT sequences in a high abundance alpha-
herpesvirus, BHV1 (c). Note that TGGAG and AGGAG sequences are distributed uniformly
in the two high abundance viruses while CCTCCCCT sequences are concentrated in the S
segment. The latter result emphasizes the proposed importance of S segment location in
recombination sequences present in alpha-herpesvirus genomes.
Fig. 5.Histogram showing the spacing between TGGAG sequences in a representative high
abundance gamma-herpesvirus (HHV4). Note that spacings of less than ~300 bp predom-
inate, but there are rare spacings of 600 bp or more.
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worthy results of this analysis were as follows: (1) In all six viruses,
long tandem repeats were observed in both copies of the RS1 gene.
These two genes ﬂank the S genome segment. (2) Long tandem repeats
were found to ﬂank the L segment in three of the six viruses, PapHV2,
CercoHV2 and MacHV1. In each case the two long repeats were foundbetween RL2 and UL1 and between UL56 and RL2, respectively
(Fig. 3(b)). (3) The UL36 gene included one or more long tandem re-
peats in ﬁve of the six viruses (Fig. 3(b)). (4) The longest of the long tan-
dem repeats was found in the three monkey alpha-herpesviruses
mentioned above, PapHV2, CercoHV2 and MacHV1 (Fig. 3(b)).
2.6. Genome location—speciﬁc sequences
The locations of six speciﬁc sequences were determined for the ﬁve
highest abundance viruses shown in Table 2. In nearly all cases, speciﬁc
sequences were found to be located evenly spaced along the virus ge-
nome. Typical results were obtained for TGGAG sequences in HHV4
and AGGAG sequences in CercoHV2 (Figs. 4(a) and (b)). In both cases,
sequences were evenly distributed across the genome with only
minor regions of sequence concentration and depletion.
An exception to the usual even distribution was observed in the
case of CCTCCCCT sequences in high abundance alpha-herpesviruses
(i.e. MacHV1, BHV1 and EHV1). In all three cases CCTCCCCT sequences
were found to be concentrated in the S segment. Results for BHV1 are
typical of the three (Fig. 4(c)). Among the 36 CCTCCCCT sequences
found in the BHV1 genome, 32 were in S. In contrast, CCTCCCCT
sequences were more evenly distributed across the genome in the
high abundance gamma-herpesviruses MacHV4 and HHV4 (data not
shown).
The spacings between individual recombination-inducing sequences
were determined for three sequences, TGGAG, CCCAG and GGGCT, in
the high abundance gamma-herpesviruses. Mean values were in the
range of 160 (MacHV4) to 352 (AlcHV1). The results for TGGAG in
HHV4 were representative (Fig. 5). Short spacings of 1–300 bp were
found to predominate, but rare values of several hundred bp were
observed.
3. Discussion
3.1. Recombination-inducing features in alpha- and gamma-herpesviruses
It was expected that recombination-inducing features would be
found in herpesvirus genomes. Herpesviruses, particularly alpha-
herpesviruses are known to have high rates of genetic recombination
[23,24]. Also, recombination and repair proteins are found to be in-
volved in herpesvirus DNA replication [25–27]. It was not expected,
however, to ﬁnd that quite different types of recombination-inducing
293J.C. Brown / Genomics 104 (2014) 287–294features are present in alpha- compared to gamma-herpesviruses
(Table 2). Repeat sequences predominate in alpha-herpesviruses
while speciﬁc sequences predominate in gammas. This result suggests
that there may be a difference in the way recombination or HR is in-
duced in the two subfamilies. Alternatively, an effect of the host cell
may be involved. Many alpha-herpesviruses become latent in neurons
while B cells are the hosts for most well-studied gamma-herpesviruses.
It may be that inverted and tandem repeats are well-suited for repair
of genetic damage found in neurons while speciﬁc high GC sequences
are better suited to damage incurred in B cells.
It is of interest to note the complementary relationship between
abundance of repeat sequences on the one hand and short, high GC
motifs on the other. Viruses enriched in inverted and tandem repeats
(i.e. alpha-herpesviruses) are found to be depleted in short, GC-rich
motifs, while the opposite is observed with gamma-herpesviruses
(Table 2). Many are enriched in short sequences and depleted in re-
peats. In some viruses enriched in repeats the content of short GC-rich
motifs is depleted compared to the randomized sequence control. This
situation is observed, for instance, in the CCCAG and GGGCT sequences
of alpha- and beta-herpesviruses (Table 2). This result raises the possi-
bility that the two modes of recombination/HR initiation may not be
able to co-exist well with each other. The presence of one is sufﬁcient
and the other is inhibitory or antagonistic.
3.2. Alpha-herpesviruses
It was unexpected to observe that a high fraction of the alpha-
herpesvirus genome (40% or more) is devoted to inverted and tandem
repeat sequences (see Results section). Prior studies of HHV1 demon-
strated the presence of short, tandem repeats near “a” sequences at
the segment ends where inverted repeats are also present [3]. Inverted
repeats are present in the three replication origins [28,29]. The current
results indicate that many more repeats, both inverted and tandem
repeats, are found in alpha-herpesvirus genomes. Both inverted and
tandem repeats are concentrated in the S segment (see Figs. 2 and 3),
but they are present elsewhere in the genome as well. The results are
consistent with the high rate of genetic recombination found in alpha-
herpesvirus genomes [23,24] andwith the proposed role of inverted re-
peats in recombination events leading to segment inversion [30]. Since
both inverted and tandem repeats can be involved in HR initiation, their
abundance in alpha-herpesvirus genomes helps account for the fact that
the DNA sequences of viruses reactivated from latency do not differ
dramatically from the infecting virus [6].
Studies with HHV1 have raised the possibility that HR may be in-
volved in entry of herpesviruses into latency and reactivation from it
[31]. Experiments showed that whereas HHV1 infection of most cell
types activates the DNA damage response, activation was not observed
during infection of neurons. It was proposed that the absence of a DNA
damage response would create an environment in the neuron that
would be permissive for establishment of a latent infection. Initiation
of repair could lead to reactivation. The results reported here support
the proposed role of repair processes. In particular, the abundance of
repair-inducing DNA features (i.e. inverted and tandem repeats) de-
scribed here is well-suited for a role in reactivation of latent alpha-
herpesviruses.
The high abundance of HR-initiating featuresmay relate to the nature
of the host cell, neurons in the case of many alpha-herpesviruses and B
cells in the case of gammas. In both cell types genetic re-arrangements
are a part of the cell's normal functioning. Abundant large scale and
small scale re-arrangements have been documented during neuron
development [32–36] while re-arrangements involved in antibody syn-
thesis are characteristic of B cells. For a latent herpesvirus, such cell-
based mutagenic activity has the potential to involve the virus DNA
and create damage that could be difﬁcult to repair. I suggest that the
abundance of recombination and repair-inducing features in alpha-
and gamma-herpesvirus genomes may help us to protect the latentvirus DNA against such mutagenic threats that are benign for the host
cell but could be a danger to a latent virus [37].
3.3. Concentration of repeats in the alpha-herpesvirus S segment
The concentration of inverted and tandem repeats in the S segment
was unexpected (see Figs. 2 and 3). As noted above, prior studies had
demonstrated the presence of repeat sequences at the segment ends
and elsewhere [3], but concentration in S was not anticipated. Concen-
tration of repeat sequences in Smay relate to the involvement of strand
invasion in recombination and HR. Strand invasion is found to be more
efﬁcient if homologous initiating and target sequences are in close prox-
imity [38,39]. This need would be served by repeats concentrated in S.
3.4. Repeat sequences and high GC content
Previous studies demonstrated that nearly all herpesviruses with a
high GC content are neurotropic alpha-herpesviruses [19,20]. A role in
genetic stabilitywas suggested for the highGC abundance [40]. The cur-
rent study adds the observation that both inverted and tandem repeat
sequence abundances correlate with GC content in the herpesvirus
genomes examined (Fig. 1). I suggest that the high GC content and
high abundance of repeat sequences are present in the genome for the
same reason, to increase the virus' potential for recombination and
HR. Repeats and regions of high GC content both have the ability to be
recognized as aberrant DNA structures that are substrates for recombi-
nation and repair [7,41]. This interpretation suggests that high GC
alpha-herpesviruses have an unusually great need for recombination-
dependent processes at some stage of their growth.
3.5. Beta-herpesviruses
The results in Table 2 show a contrast in the abundance of
recombination-inducing DNA features in beta-herpesviruses on
the one hand and alpha- plus gamma-viruses on the other. Whereas
alpha- and gamma-sequences are enriched in repeat regions and
short GC-rich motifs, respectively, beta-herpesviruses as a group
are relatively depleted in both. This observation provides an inter-
nal control for the results with alpha- and gamma-herpesviruses
indicating that a herpesvirus is able to thrive without a high abun-
dance of either repeat sequences or high GC initiator motifs. Two
possible explanations are suggested to account for this ﬁnding:
(1) Beta-herpesviruses may be enriched in recombination and repair-
inducing features that are different from those examined here; and
(2) there may be an effect of the host cell. The cell may interpret the
recombination-inducing features present in beta-herpesviruses to satis-
fy the virus' need for recombination and HR while the same constella-
tion of features might be inadequate for host cells of alpha- or gamma-
herpesviruses.
4. Materials and methods
Herpesvirus DNA sequences were retrieved from the NCBI database
using the accession numbers shown in Table 1 and examined with
Genome Workbench (www.ncbi.nlm.nih.gov/tools/gbench/). Headers
and line breaks were removed from the sequence ﬁles with Python
scripts. EMBOSS Explorer (http://cys.genomics.purdue.edu/emboss/)
programs were used for: (1) producing randomized sequences
(shufﬂeseq; default parameters); (2) identifying inverted sequence
repeats (einverted, default parameters); and (3) identifying tandem re-
peats (etandem;min repeat size= 10, max repeat size= 50, threshold
score=30). The locations of inverted repeatswere displayedby consid-
ering each repeat to be composed of a dsDNA stem separated by a loop
of ssDNA. Stem and loop features are centered at the same location on
each strand of the parental DNA double helix. Plots show the stem
length. Tandem repeats each consist of a speciﬁc sequence 10–50 bp
294 J.C. Brown / Genomics 104 (2014) 287–294in length repeated tens to hundreds of times. In this case, plots show the
aggregate length of all identical repeats (i.e. repeat length × number of
repeats). In the case of speciﬁc sequences, the total number within a ge-
nome was determined by use of a Python script based on lines.count. A
similar script based on lines.ﬁnd was used to identify the genomic
positions of speciﬁc sequences. Data were compared and plotted with
SigmaPlot 10.0.
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